[1] The reasons for the inter-annual variability of dust transport from the Sahara across the Atlantic are not well-understood. Here we address this issue by defining three new climate indices that capture the position and intensity of the zone of near-surface convergence over West Africa, a part of the global Intertropical Convergence Zone (ITCZ). We then relate these indices to a 38-year record of mineral dust concentrations at Barbados focusing on the winter season. The results show that the latitudinal displacement of the ITCZ over West Africa and the dust load in Barbados are statistically significantly correlated with a correlation coefficient of r = À0.69. A southward movement of the ITCZ corresponds to an increased dust load at Barbados. This correlation represents an improvement upon previous results, which focused on traditional teleconnection indices such as the North Atlantic Oscillation or the El-Niño-Southern Oscillation. From analyzing composites of wind and precipitation we conclude that for the winter season, the inter-annual variability of the Barbados dust load is related to changes in near-surface northeasterly winds in semi-arid regions in North Africa coincident with the movement of the ITCZ. Changes in precipitation appear to only play a minor role. 
Introduction
[2] The largest source of mineral dust globally is the Saharan desert [Prospero et al., 2002; Washington et al., 2003] . Dust from this region is transported long distances over the North Atlantic Ocean [Darwin, 1846; Prospero et al., 1970] and plays an important role in the climate system [Arimoto, 2001] . It exerts a direct radiative forcing on climate as it interacts with solar and longwave radiation [Sokolik and Toon, 1996; Tegen et al., 1996] . Moreover, dust particles play an important role for various aspects of the microphysics of both mixed-phase clouds [DeMott et al., 2003] and warm clouds [Levin et al., 2005] and hence are an important contributor to the aerosol indirect effect. Saharan dust has been linked with the frequency and intensity of Atlantic hurricanes [Dunion and Velden, 2004; Evan et al., 2006a ; W. K. M. ; K. M. and has been found to fertilize ocean waters with iron and other micronutrients [Jickells, 1999; Baker et al., 2006] , to promote algal blooms [Walsh and Steidinger, 2001] , and to provide phosphate and potassium to the Amazon Basin [Swap et al., 1992] . The longrange transport of mineral dust from the Sahara across the Atlantic is significant enough to be responsible for the formation of the soils of many Caribbean islands and the Amazon Basin [Herwitz et al., 1996; Muhs et al., 2007] .
[3] This long-range transport of mineral dust is subject to considerable inter-annual and intra-annual variability due to a number of physical factors. Winds over the Sahara and Sahel control emissions of mineral dust [Washington et al., 2003; Washington and Todd, 2005] , and winds downstream of the emission region affect subsequent transport [Chiapello et al., 1995; Riemer et al., 2006; Doherty et al., 2008] . Precipitation and vegetation in the Sahel has been suggested as a key factor in dust emission processes [Evan et al., 2006b] . Precipitation over the source region can modulate dust emission, and precipitation over the transport region can remove dust from the atmosphere [Tegen and Fung, 1994; Zender et al., 2003] .
[4] The variability of mineral dust transport from Africa across the Atlantic is documented in the long-term mineral dust record measured at Barbados. Dust concentrations have been measured and published at this locations from 1965 through 2003 and have been studied extensively by the community [Rydell and Prospero, 1972; Prospero and Nees, 1977; Glaccum and Prospero, 1980; Prospero and Carlson, 1980; Prospero and Nees, 1986; Savoie et al., 1987; Moulin et al., 1997; Chiapello et al., 1999; Prospero and Lamb, 2003; Ginoux et al., 2004; Chiapello et al., 2005; Prospero et al., 2008; Trapp et al., 2010] . Several studies focused on explaining this variability by linking the observed dust load with climate indices. For example, a qualitative 1 link relating mineral dust in Barbados and an El Niño-Southern Oscillation (ENSO) index has been suggested by Prospero and Lamb [2003] . Moulin et al. [1997] demonstrated a statistical relationship between mean annual dust load at Barbados and the mean value of the North Atlantic Oscillation (NAO) index, while Chiapello and Moulin [2002] linked variability in satellite observations of dust over the tropical North Atlantic Ocean off the coast of Africa to variability of the NAO during winter. Ginoux et al. [2004] showed a weak statistical relationship between the winter NAO index and the observed surface dust at Barbados as well as in simulated mineral dust concentration in the region. Doherty et al. [2008] demonstrated an improvement upon the relationship of NAO and mineral dust by showing an even stronger relationship between the location of the Azores High in the Atlantic and the Hawaiian High in the Pacific and dust in the Caribbean.
[5] In this work we present a new perspective on mineral dust transport in the region by focusing on the role of the Intertropical Convergence Zone (ITCZ) over Africa rather than on global teleconnections indices as has previously been done. Here we consider the ITCZ to represent the zone of near-surface convergence over continental West Africa that is sometimes referred to as the West African monsoon trough [Sultan et al., 2003] . Year-to-year and decade-todecade variability of the ITCZ has been observed over Africa and the Atlantic Kapala et al., 1998 ], with differences in the intensity and location noted. Some variability of the ITCZ can likely be ascribed to changes in sea surface temperature [Folland et al., 1986; Hoerling et al., 2006] as precipitation in the Sahel has been linked to sea surface temperature changes [Folland et al., 1986; Giannini et al., 2003] . Tomas et al. [1999] present theoretical evidence for the location of the ITCZ also being a function of the cross-equatorial pressure gradient.
[6] It has been previously noted that a relationship between the ITCZ and mineral dust likely exists. The trade wind circulation associated with the ITCZ blows through the area downwind of the Sahara and Sahel where mineral dust loads are the highest Moulin et al., 1997] . Prospero and Carlson [1972] first showed in a field experiment that the dust belt was located directly to the north of the ITCZ. Moulin et al. [1997] and later Evan et al. [2006b] showed using satellite observations of mineral dust that the dust belt moves north blowing dust into the Caribbean ahead of the ITCZ in summer, and returns south blowing dust into South America in winter. Precipitation in the tropical North Atlantic basin and surrounding locations have been shown to be dependent on the location of the ITCZ ] and multiple studies have linked mineral dust in Barbados with precipitation in the Sahel region of Africa [Prospero and Nees, 1986; Chiapello et al., 2005] .
[7] Although work has been done linking the movement of the ITCZ to changes in dust load locally in Africa [Engelstaedter and Washington, 2007; Schwanghart and Schütt, 2008; Sunnu et al., 2008; Lau et al., 2009; Wilcox et al., 2010] , this is the first study that addresses how the movement of the ITCZ has implications for the amount of dust that extends over the Atlantic and reaches the Americas. Specifically we examine how changes in the ITCZ effect wind and precipitation patterns over both the North Africa and the Tropical North Atlantic and in turn control the amount of mineral dust that reaches Barbados. We focus in this paper on the winter season to compare to more well known teleconnections such as the NAO and ENSO. Although less dust reaches Barbados in winter than does in summer [Kaufman et al., 2005] , dust continues to reach Barbados in winter in appreciable quantities as Barbados lies on the northern edge of this dust plume. The dustier summer season will be the focus of a forthcoming paper.
[8] The structure of this paper is as follows. In Section 2 we describe how we quantify the variability of the ITCZ. We will introduce the various data sets used in this study in Section 3. In Section 4 we will then explore the long-term relationship between mineral dust in Barbados and the ITCZ, and we will compare the physical mechanisms by which the ITCZ impact the mineral dust concentrations in Barbados. Section 5 concludes our findings.
The ITCZ Over West Africa as a Center of Action
[9] Year-to-year and decade-to-decade Kapala et al., 1998 ] variability of the ITCZ has been observed, with differences in the intensity and location noted. To compare to the record of mineral dust at Barbados, a time series of the position and intensity of the ITCZ is necessary.
Here we develop such a time series by utilizing the "Center of Action" (COA) approach. This provides us with three indices, one for the latitudinal position, one for the longitudinal position, and one for the intensity of the system.
[10] The concept of an atmospheric "Centers of Action" (COA) was first suggested by Rossby [1939] and used by others since Korshover, 1974, 1982; Hurrell, 1995; Kapala et al., 1998; Mächel et al., 1998 ]. A COA is a seasonal large-scale system which occurs annually in nearly the same geographic region. Examples of such COA are the Azores High COA or the Icelandic Low COA. While each of these COA have a well established and well understood long-term mean location, on a monthly or seasonal basis there is a large amount of variability in its exact location. As each of these COA are often the major climatic feature of a given region for a given season, this short-term location variability can be extremely important in terms of dictating the weather for a given season. Similarly each COA can vary in terms of its strength or intensity from month to month or season to season.
[11] Once the position and intensity is quantified by the COA indices, those indices can be related to geophysical variables to investigate their relationships. Such an approach in the midlatitudes has been successfully applied to many geophysical systems, e.g. solar cycle variability [Christoforou and Hameed, 1997] , cloud cover and global temperature [Croke et al., 1999] , zooplankton in the Gulf of Maine [Piontkovski and Hameed, 2002] , location of the Gulf Stream northwall [Hameed and Piontkovski, 2004] , mineral dust transport [Riemer et al., 2006; Doherty et al., 2008] , variability in sea level [Kolker and Hameed, 2007] , frequency of Greenland tip jet events [Bakalian et al., 2007] and seasurface temperatures in the Gulf of Lion [Jordi and Hameed, 2009] . As we will describe shortly, in this paper we apply this framework to the ITCZ over West Africa.
[12] In the literature there is some ambiguity regarding the definition of the term ITCZ [Nicholson, 2009] . The term ITCZ has been applied to both the tropical rain belt over West Africa [Sultan et al., 2003] and the region of near-surface convergence, sometimes referred to at the Inter Tropical Front (ITF). As explained below, we define our index of convergence to be the center of mass of the low level (925 hPa) convergence as described in NCEP Reanalysis over West Africa. We refer to this as the West Africa Convergence Zone (WACZ) to avoid any confusion with terminology associated with the ITCZ in the literature. Defined in this way, the WACZ is observed to be north of the African Easterly Jet as described in Mohr and Thorncroft [2006] , consistent with the conceptual model presented in Nicholson [2009] . It is shown to be associated with large scale changes in circulation and precipitation both locally in West Africa and regionally over the Tropical Atlantic.
[13] While pressure has previously been used as the field to quantify the COA [Hameed and Piontkovski, 2004; Riemer et al., 2006; Doherty et al., 2008] , in the tropics the gradient of sea level pressure is very small, and so we follow after Kapala et al. [1998] and use divergence as the reference field. Specifically, we define the WACZ to be the center of mass of the low level (925 hPa) convergence as described in NCEP Reanalysis [Kalnay et al., 1996] over West Africa (15 S to 20 N and 20 W to 20 E) . Figure 1 shows the climatological mean of divergence at 925 hPa from NCEP Reanalysis from 1965-2003 during the boreal winter including the months December to March. The three WACZ COA indices identify the position and intensity of the center of mass of the band of convergence extending between 5 N and 10 N from the West African coast east across the continent. [14] The intensity index W i is defined as an area-weighted divergence departure from a threshold value over the domain (I, J)
where D i,j is the divergence value at 925 hPa at a grid point (i, j), D t is the threshold divergence value (D t = À1.8 Â 10 À6 s À1 ), f i,j is the latitude of grid point (i, j), M = 0 for divergent systems and 1 for convergent systems,
[15] The latitudinal index W f is defined as:
The longitudinal index W l is defined analogously. The location indices thus give divergence-weighted mean latitudinal and longitudinal positions of the WACZ.
[16] As a result we obtain time series of monthly values for latitude (W f ), longitude (W l ) and intensity (W i ) that characterize the WACZ. The indices are available from January 1948 to the present. Results were not significantly sensitive to changes in box size, the box location or the divergence threshold. This work focuses on the seasonal variability of mineral dust and the WACZ in boreal winter, and to represent this we use the average of four months December ( 
Data Sets
[17] In this study we utilize the mass concentration of mineral dust as recorded in Barbados. Barbados is an ideal location for observing mineral dust as it is the first landmass encountered by mineral dust traveling over the North Atlantic from Africa. Mineral dust at the surface at Barbados has been the subject of previous studies [Prospero et al., 1970; Carlson and Prospero, 1972; Prospero and Nees, 1986; Moulin et al., 1997; Prospero and Lamb, 2003; Ginoux et al., 2004; Chiapello et al., 2005] and is the longest continuous record of surface mineral dust concentrations. The record of monthly mineral dust at Barbados is available from August 1965 through December 2003. Data is collected near the surface at Barbados, located at 13 10′N and 50 30′W.
[18] We use NCEP/NCAR Reanalysis wind data from NOAA/ESRL PSD [Kalnay et al., 1996] to calculate the WACZ COA indices. Data is available from January 1948 to present, although we only consider the period of 1965-2003 to be consistent with the mineral dust record at Barbados. We compared the WACZ COA index from NCEP/NCAR Reanalysis to one calculated from ERA-40 (not shown), and for the winter season we found the two were not statistically different. NCEP/NCAR Reanalysis winds were also used to compute composite images, as described in Section 4.2.
[19] Two traditional teleconnection climate indices are used in this study for comparison purposes, the NAO and ENSO. Monthly values of the NAO are from the Climate Prediction Center of NCEP/NOAA (http://www.cpc.ncep.noaa.gov). ENSO monthly values are also from the Climate Predictions Center of NCEP/NOAA who computes the ENSO indices from NOAA OI SST product over multiple regions in the Pacific.
[20] The GPCP Data set (v 2.1) [Adler et al., 2003 ] is used for precipitation data in this study. Data is available from January 1979-April 2008, however data after 2003 is not used in this study to be consistent with the mineral dust record at Barbados.
[21] We use TOMS Aerosol Index (AI, v 8.0) as a measure of aerosol load [Herman et al., 1997] . Data is available for the period 1979-1993 and 1996-2005 . As described in Kiss et al. [2007] some calibration and instrument errors exist for this instrument. To this end we do not use the AI in any quantitative way, but present it as a qualitative aid in understanding how dust load changes with variation in the WACZ.
Results

Climatology of West Africa Convergence Zone
[22] As shown in Figure 2 the WACZ (as defined in Section 2) displays a clear seasonal latitudinal migration from its southernmost point in January to its northernmost point in August. The latitudinal index W f is thus consistent with the conventional understanding that the WACZ's location is seasonal and that the WACZ moves to follow the solar heating [Folland et al., 1991] . The index W f reaches its northernmost position over Africa in July and August, trailing the movement of the solar heating maxima by one to two months. Nicholson [2009] notes that August also represents the period of maximum rainfall in the Sahel region and the period of maximum variability associated with the WACZ.
[23] The movement of the WACZ is not a simple north-tosouth migration, but rather is a two-dimensional migration. W l reaches its most westward point in the spring and moves toward the east in the fall. Coupled with the annual latitudinal migration, this means the WACZ moves on a NW to SE axis from spring/summer into fall/winter. Maximal convergence occurs in the spring and decreases to a minimum in fall, and is thus more intense in its north and west mode than its south and east mode.
[24] While the long-term mean of the indices shows a clear annual cycle with an obvious seasonal migration, both the inter-and intra-annual variability of the WACZ is large. In the summer, when W f reaches its northernmost maximum there are large differences in the latitudinal position from year to year, ranging from 16 to 19 degrees north. In semi-arid locations such as the Sahel, a large shift in the location of the WACZ can be the difference between flooding and drought, and in turn can greatly effect soil conditions and ultimately dust mobilization. Additionally the latitudinal intraannual variability plays a major role in controlling regional climate. Some years the WACZ remained in a northward phase for multiple consecutive months, leading to an extended rainy season for the Sahel, while in other years the northward phase and hence the rainy season is very short. The duration of the northward rainy phase may be critical in determining soil characteristics for the semi-arid Sahel, particularly in the summer when strong solar insolation can quickly dry out soils.
Relationship of Mineral Dust at Barbados and WACZ and ENSO During Winter
[25] To establish a relationship we correlated mean winter (DJFM) dust load at Barbados with the mean winter (DJFM) WACZ COA indices (W f , W l and W i ). Winter season mineral dust load at Barbados is significantly correlated with the location of the WACZ in terms of both the latitude (W f ) and longitude (W l ) of the WACZ at an a of at least 0.01 as shown in Table 1 . No statistical relationship between the intensity of the WACZ (W i ) and mineral dust at Barbados was observed. Since the W f index increases in value as the WACZ moves north, the negative correlation observed between dust and W f suggests that as the WACZ moves south dust load at Barbados increases. Likewise the positive correlation between dust and W l suggests that as the WACZ moves eastward dust load at Barbados increases. [26] Traditionally a Pearson product-moment correlation coefficient is used to represent covariance between two data sets. The Pearson product-moment correlation coefficient is not robust as it requires a normal distribution for both data sets nor resistant to outliers [Wilks, 1995] . Both the seasonally mean DJFM mineral dust at Barbados and ENSO climate indices used in this work are not normally distributed, and in the case of the ENSO data set include multiple outliers. To reduce the impacts of outliers between data sets we use the Spearman rank correlation as shown in Wilks [1995] . It should be noted that using either the Pearson or the Spearman correlation coefficients the correlations between dust and W f , W l and E 1+2 are statistically significant, but the Spearman correlation coefficient gives a more representative reflection of the covariance between data sets.
[27] The indices W f and W l are not independent of one another as shown in Table 2 . The WACZ is located further east in winters when it is in its south phase, and further west in winters when it is in its north phase, suggesting that in the winter season the WACZ varies along a NW to SE axis. This NW to SE axis is clearly visible in Figure 3a where during seasons in which the WACZ is north (blue diamonds) it also tends to be west and vice versa. Hence the NW location correlates to a reduction of mineral dust in Barbados and the SE location correlates to an increase in mineral dust at Barbados. Figure 3b shows the magnitude of change in divergence at 925 hPa that accompanies the NW to SE shift, and a clear dipole pattern emerges. To produce this figure we subtracted the seasonal winter mean (DJFM) of divergence of the northernmost WACZ seasons (75th percentile) from the seasonal winter mean (DJFM) of the southernmost WACZ seasons (25th percentile). The black contour indicates a significant difference at 10%. The box over which the WACZ COA is computed is shown in black.
[28] Figure 4 shows the temporal relationship between W f and mineral dust load at Barbados. Mineral dust load at Barbados reached its lowest value during the mid-1960's when W f is found to be at its most northward location, and it reached its peak in the mid-1980's when W f was in its most southward location.
[29] Also shown in Table 1 is that the south and east migration of the WACZ explains more of the variability of the mineral dust than traditional climate indices such as the NAO or ENSO do. The ENSO Region 1+2 (E 1+2 ) is located along the coastline of Ecuador and Peru, ENSO 3 (E 3 ) is located just to the north and west of ENSO 1+2 spanning the central Pacific, and ENSO 4 (E 4 ) is the westernmost box approaching Papua New Guinea. We observe that the largest correlation between mineral dust and ENSO occurs for the ENSO index closest to South America (E 1+2 ), with the correlation coefficient attenuating moving into the Central Pacific. The relationship between ENSO and mineral dust is statistically significant at 5% close to the coast of South America (E 1+2 ) and not significant for the eastern Pacific (E 3 ), central Pacific (E 3.4 ) and central-west Pacific (E 4 ). This is consistent with Mahowald et al. [2003] who did not find widespread correlations in and around West Africa between dust and E 3.4 using a combination of modeling results and station observations. Our results suggest that statistical correlations between mineral dust transport and ENSO are sensitive to choice of ENSO domain.
[30] As E 1+2 and W f are not independent (r = 0.80), we apply a partial correlation analysis to account for their covariance and assess the relationship between each and mineral dust as if they were independent [Wilks, 1995] . There is precedent for using a partial correlation analysis to remove an ENSO signal. Sankar-Rao et al. [1996] use partial correlation to evaluate the signal of the Indian Monsoon on Eurasian seasonal snowfall without the influence of ENSO. More recently partial correlation was used similarly in a paper on mineral dust, tropical cyclone activity and ENSO [Evan et al., 2006a] . If we evaluate the rank correlation between mineral dust and W f with E 1+2 held constant, the correlation coefficient decreases only slightly from r = À0.69 to r = À0.66, remaining significant at a of <0.001. The rank correlation between mineral dust and E 1+2 with W f held constant decreases from r = 0.30 to r = 0.06, which is statistically insignificant. Much of the statistical relationship between E 1+2 and mineral dust is a mathematical artifact caused from E 1+2 varying in time with W f . We confirmed this in a separate composite analysis and find no physical relationship between E 1+2 and wind or precipitation over emission, transport and deposition regions (not shown).
[31] To corroborate our findings on the statistical relationships of Barbados mineral dust and the WACZ, we present the appropriate composite figures of the TOMS Aerosol Index (AI) data from NIMBUS-7 (1979 NIMBUS-7 ( -1993 and Earth Probe (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) as a semi-quantitative proxy for dust load over the entire Tropical North Atlantic. We analyze AI data to assess if the relationship between the WACZ and mineral dust at Barbados is reflective of larger scale changes in mineral dust load over the North Atlantic and Caribbean. AI measures absorbing particles in the atmosphere by comparing observed UV measurements to an idealized UV profile of the atmosphere. TOMS AI is not able to differentiate between types of absorbing aerosols, in particular particles from biomass burning register similarly to mineral dust aerosols. During boreal winter biomass burning is at a maximum [Formenti et al., 2008] in North Africa, and a mix of mineral dust and biomass burning aerosols are likely. TOMS AI has known biases due to the height of the aerosol layer [Herman et al., 1997; Mahowald and Dufresne, 2004] , calibration drift errors [Kiss et al., 2007] and cloud contamination 
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issues [Torres et al., 1998 . Here we only seek to verify the relationships of mineral dust surface observation and WACZ index, and so a qualitative use of the TOMS data is appropriate.
[32] We use composites to represent seasonal conditions in which an index is in a positive or negative phase. The index W f is ranked in ascending order, the lowest quartile (q25) of data is identified as the negative phase and the highest quartile (q75) of data is identified as the positive phase. The years used to compute the seasonal composites are shown in Table 3 . For W f the negative phase (q25) corresponds to periods in which the WACZ is in a south mode, and the positive phase (q75) corresponds to periods in which the WACZ is in a north mode. All seasons of AI data that have been selected as negative (q25) or positive (q75) phases are then averaged together to form a composite.
[33] Figure 5 shows composites of TOMS AI with respect to the northward (minimum dust in Barbados) and southward phase (maximum dust at Barbados) of W f . We restrict our analysis to the period [1979] [1980] [1981] [1982] [1983] [1984] [1985] [1986] [1987] [1988] [1989] [1990] [1991] [1992] [1993] [1996] [1997] [1998] [1999] [2000] [2001] [2002] [2003] to included all AI data that is concurrent with the dust record at Barbados. Barbados is observed to be in a plume of dust entering the Caribbean in the southward phase of the WACZ (Figure 5a ). When the WACZ is south (Figure 5a ), the greatest values of AI occur between 15 and 20 N, from the Atlantic Coastline east to 20 E. A very large plume of mineral dust is also evident over the Tropical North Atlantic centered between 15 and 20 N, which extends into the Caribbean Sea. The largest AI values of greater than AI = 3.0 occur near the Bodele Depression, a known hot spot for mineral dust emission in Africa [Washington et al., 2003] . Along the Gulf of Guinea values of AI are modest, near AI = 1.0 and likely reflect a mix of mineral dust and biomass burning aerosols.
[34] In contrast, when W f is in its northward phase, the highest values of AI occur along the Gulf of Guinea, extending westward into the Tropical North Atlantic, centered at about 7.5 N. While some of this plume may be the result of biomass burning, Formenti et al. [2008] found that more than 70% of this material is mineral dust. A peak in AI (AI = 2.5) is observed near the Bodele Depression. Over much of the Sahara values of AI are modest, coming in around 1.0.
[35] Comparing the north and south phases of the WACZ, a clear dipole in AI is evident in the composite difference image (Figure 5c ), similar to the dipole pattern in the composite difference for divergence as shown in Figure 3b . As the WACZ moves southward a large increase in AI is seen over the Sahara Desert, with increasing value of AI extending over a broad geographical area northward to the Mediterranean and eastward to the Red Sea, suggesting a robust response in dust emission to southward movement of the WACZ.
[36] Higher values of AI are observed across nearly all of the Tropical North Atlantic north of 10 N suggesting a large increase in westward transport of mineral dust. Increases in AI are visible into the Caribbean. This analysis supports the conclusion drawn from the observed correlations, that mineral dust at the surface at Barbados increases as the WACZ moves southward.
[37] Over Africa south of the Sahel and in particular south of 12 N a decrease in AI is observed as the WACZ moves southward. It is not clear if this is due to a decrease in mineral dust transport into this region or a reduction in biomass burning aerosols as TOMS AI cannot differentiate between mineral dust and biomass burning aerosols. This reduction in AI over this region is not likely due to precipitation as DJFM is the dry season in the Sahel, where precipitation is very low.
[38] Our results are similar to those of Engelstaedter and Washington [2007] who find a spatial correlation between 10 m-divergence in ERA-40 and TOMS-AI over much of North Africa. Our results differ from the findings of Ben-Ami et al. [2011] who argue that during the boreal winter season that the dust plume across the Atlantic is constrained to a band centered on 4 N. However, when the WACZ is in its north phase our results support the finding of Ben-Ami et al.
[2011] as maximum aerosol load does appears to be near 4 N. We find that the location of the dust belt in TOMS-AI measurements is sensitive to the latitudinal position of the WACZ during the boreal winter, shifting northward to include Saharan sources when the WACZ is south phase. We find a plume of most likely mixed dust-biomass smoke is found near to 4 N only when the WACZ is in a north phase. It should be noted that the studies focus on different time periods. This analysis includes years over the period 1979-1993/1996-2004 , whereas the Ben-Ami data is from the 21st century only.
Physical Mechanisms for Observed Correlation
[39] The strong correlation between W f and mineral dust at Barbados and mineral dust at Barbados must be explained physically. Next we will examine how changes in W f impact wind and precipitation in the region, which in turn control the emission and transport of mineral dust from the Sahara.
[40] Strong northeast winds over the Sahel have been shown to increase mineral dust emissions [Engelstaedter and Washington, 2007; Schwanghart and Schütt, 2008; Doherty et al., 2008] . Figure 6 shows the composite difference in winds for the 25th percentile W f (southern most) winter (DJFM) seasons minus the 75th percentile W f (northern most) winter (DJFM) seasons over the period December 1965 -March 2003 . This represents the difference in flow from the southern mode in which mineral dust is maximized at Barbados and the northern mode in which such dust is minimized. Figure 6a shows a strengthening of nearsurface northeasterly winds during these conditions. This strengthening occurs over much of the Sahel and the Eastern Sahara, which are important source regions for mineral dust [Washington and Todd, 2005; Engelstaedter and Washington, 2007] . We hypothesize that the location of these strengthening winds is important in increasing dust emissions.
[41] Northeastern winds in this region are typical in winter [Engelstaedter and Washington, 2007] . These winds known 1983 , 1989 , 1992 , 2000 , 2001 1984 , 1985 , 1988 , 1991 Wind 1977 , 1983 , 1989 , 1992 , 1993 , 1999 , 2000 , 2001 1966 , 1967 , 1968 , 1969 , 1973 , 1974 , 1979 , 1991 , 1996 Precipitation 1983 , 1989 , 1992 , 2000 , 2001 1982 , 1984 , 1988 , 1991 , 1996 Each season mean was calculated using the average of four individual months of data; December ( as the Harmattan winds transport mineral dust from the Sahara and Sahel regions southwards into sub-Saharan Africa in winter. The Harmattan winds are effective at emitting dust not only because of their strength but because of where they occur. The area around Lake Chad is a major source of mineral dust emissions [Washington and Todd, 2005] and just downwind of this region the largest increase in northeastern flow (Figures 6a and 6b) is observed as the WACZ changes phase. Ben-Ami et al. [2011] suggest that the Bodele Depression, which lies just north and east of Lake Chad, is the primary source of mineral dust during the boreal winter, where dust emissions are highly dependent on near-surface wind speeds [Koren and Kaufman, 2004] . Again near to the Bodele Depression we note increases in NE winds as the WACZ changes phase.
[42] Our results support the hypothesis of Schwanghart and Schütt [2008] who noted the role of Harmattan winds which blow over the Bodele Depression, emitting large quantities of mineral dust in the boreal winter. In their study, Schwanghart and Schütt [2008] observed that the strength of NE winds at 850 and 925 hPa near the Bodele was tightly correlated to the amount of mineral dust emitted in winter. Schwanghart and Schütt [2008] suggested that northward movement of the ITCZ had the capacity to diminish the NE winds. Our results here confirm their hypothesis.
[43] In summary the strength of the NE Harmattan winds are an important control on the amount of mineral dust that is emitted in the boreal winter. We hypothesize that shifts in the WACZ controls dust emission not only by increasing wind speeds over much of West Africa, but does so by focusing these increases in critical locations such as the Sahel, Lake Chad and the Bodele Depression. Similar nearsurface wind increases are observed from the composites for W l (not shown).
[44] Steering winds aloft at the base of the Saharan Air Layer show an increase in east to west flow, increasing trans-Atlantic transport of emitted particles (Figure 6b ). The height of the Saharan Air Layer depends on the season , and satellite observations suggest that mineral dust transport is constrained to heights below 700 hPa in boreal winter over the Tropical North Atlantic [Ben-Ami et al., 2009] . Figures 6a and 6b both show an increase in trans-Atlantic transport, although this increase is not statistically significant.
[45] Figure 7a shows the winter (DJFM) mean precipitation for years in which the WACZ is in its south phase. Maximum precipitation rates are observed south of the equator, with the highest values observed in Brazil south of the Amazon River. In Africa precipitation is highest in Central Africa, south of the equator. Moderate precipitation is observed between the equator and 9 N over West Africa. No precipitation occurs over the Sahel or Sahara, as winter is the dry season. Differences in precipitation between the south phase conditions of the WACZ (Figure 7a ) and the north phase conditions are shown in Figure 7a . Composite differences are calculated in such a way to show conditions that lead to maximized dust load at Barbados. We do not see a shift in the location of precipitation as the phase of W f changes, but rather a large scale drying across the Central Africa, the equatorial Atlantic and the Amazon Basin.
[46] Precipitation over mineral dust source regions is not affected by changes in W f . No change in the amount of precipitation over the Sahel or Sahara regions occurs as W f changes phase from south to north, as no precipitation falls in this region during either phase. Wet deposition, vegetation, soil moisture in source regions are therefore not related to W f in winter.
[47] In contrast to the Sahel and Sahara, over the tropical North Atlantic Ocean precipitation is non-zero. Mineral dust reaching Barbados and the Caribbean encounters precipitation in these regions as it is transported. Figure 7b suggests that dust maximization at Barbados is consistent with drier conditions in the tropical North Atlantic region, however. Although dust transport to the Americas could be increased in seasons when W f is in its south phase as less precipitation and therefore less wet deposition occurs, the observed change in precipitation here is too small to support this conclusion. Based on changes in precipitation in source and transit regions we conclude that changes in precipitation driven by variability W f are not important for mineral dust emission and transport to Barbados. Interestingly, Figure 7 shows significant precipitation occurring during the winter season across the equatorial Atlantic into South America, suggesting the wet deposition may be an important removal process in this region. As the W f changes to the southern phase, significant drying is observed across the equatorial Atlantic into South America (Figure 7b ). While this is not relevant for the dust transport processes that are the focus of this paper, we hypothesize that this drying would reduce wet deposition of mineral dust that is transported to the Amazon Basin during winter from the Sahara and Sahel by way of the equatorial Atlantic ( Figure 5 ).
[48] Table 1 shows the near-zero correlation coefficient between intensity of WACZ (W i ) and mineral dust at Barbados (r = 0.13). This finding may seem surprising and counterintuitive, hence deserves further analysis. For this "null case" we produced composite images as was done for the latitude index W f . The weak (q25 of W i ) and intense (q75 of W i ) years used in these composite images are listed in Table 4 . Here we note that since the correlation coefficient between W i and dust at Barbados is near zero, the direction of the difference has no physical meaning. This is in contrast to the composites based on W f , which were built to highlight conditions that lead to dust maximization at Barbados.
[49] The differences in the wind field at both 925 hPa ( Figure 8a ) and 850 hPa (Figure 8b ) are not statistically significant between intense and weak WACZ seasons over source regions of the Sahel or Sahara. Over the Tropical North Atlantic a few patches of increased east to west flow are observed, suggesting a slight increase in transport when the WACZ is weak compared to the strong phase. These patches of increased flow do not appear to be large enough in scale to increase mineral dust transport to Barbados. We attribute a lack of change in wind over source regions as an explanation for why the intensity of the WACZ is not correlated with mineral dust load at Barbados.
[50] As no precipitation falls in the source regions of the Sahel and Sahara and winter, the strength of the WACZ does not impact precipitation in these regions. Mineral dust emission is thus not impacted via precipitation as a function of WACZ intensity. Over the Tropical North Atlantic a general increase in precipitation is observed in years in which the WACZ is weak, with significant changes observed near to the African coastline. Mineral dust being transported to the Caribbean and Barbados could encounter more precipitation, and thus be impacted by wet deposition. Large changes in precipitation are observed over the equatorial Atlantic and Amazon Basin. Here precipitation is increased in the weak WACZ phase, potentially increasing removal of mineral dust via wet deposition.
[51] To summarize we observe no changes in near surface flow or precipitation over the source regions of the Sahel and Sahara as the WACZ changes phase from weak to strong. Hence no physical mechanisms for increased dust emission are tied to changes in the WACZ intensity. We do observe some changes in the transport region of the tropical North Atlantic Ocean, specifically favorable winds for transport are increased while removal by precipitation also increases in the weak phase of the WACZ. We conclude that (1) processes in the source region are more important than processes in the transport region for mineral dust transport to Barbados and the Caribbean and (2) increased transport via enhanced advection is compensated for by increased removal in the weak phase resulting in no significant change in transport.
[52] In summary, we note that increases in dust at Barbados during the winter season are associated with the WACZ moving south and that the underlying physical process is a change in winds in particular over the source region, not a change in precipitation. This is in agreement with the findings of Sunnu et al. [2008] who performed a field experiment and observed increased concentrations of mineral dust at the surface in Ghana when the ITCZ was south of the observing station in boreal winter.
Conclusions
[53] The relationship between convergence over West Africa, referred to as the ITCZ or West Africa Monsoon, and mineral dust in the Tropical North Atlantic has long been discussed, and in this paper we quantified the relationship for the winter season. We constructed three climate indices that quantify the variability of the convergence over West Africa by applying the Centers of Action approach to wind divergence at 925 hPa from NCEP Reanalysis. We demonstrated the utility of such indices by relating them to the 1996 , 1990 , 1968 , 1985 , 1981 , 1984 , 1989 , 1970 1969 , 1967 , 2003 , 1966 , 1999 , 2000 , 1979 , 1992 Precipitation 1996 , 1990 , 1985 , 1981 , 1984 2003 , 1999 , 2000 , 1992 [54] Southward and eastward movement of the WACZ is associated with an increase of the quantity of mineral dust reaching the surface at Barbados. This increase can be explained by increases in near-surface NE Harmattan winds over the Sahel. The location of the increase in wind is critical with increases in NE flow observed near the key Lake Chad and Bodele Depression region. Combined this leads to increases in emission of mineral dust when the WACZ is in its south phase. Once emitted, mineral dust aerosols encounter an increase in the east-to-west trade wind flow over across much of the Saharan Air Layer over West Africa. This increase in advective flow could increase mineral dust transport toward the Americas.
[55] The latitude of the WACZ does not change dust emission or transport in winter by precipitation-driven effects. No changes in precipitation over the source regions of the Sahel or Sahara are noted, nor are significant changes observed in the transport zone between West Africa and Barbados. Although not related to transport of mineral dust to Barbados, we note a distinct drying over much of Central Africa, the tropical Atlantic and parts of South America associated with southward movement of the WACZ.
[56] No relationship between the intensity of the WACZ and mineral dust was observed. We note that wind strength and direction does not change over key source regions between intense and weak phases of the WACZ. We hypothesize that this lack of change in winds explains why no relationship is observed between intensity of WACZ and mineral dust at Barbados. Although not related to transport of mineral dust to Barbados, weakening of the WACZ over Africa is shown to lead to drying over the equatorial Atlantic and Amazon Basin.
[57] Studies looking for links between naturally varying systems and the atmosphere often refer to familiar indices such as for example the NAO or ENSO. We show that the location and intensity of the WACZ is a strong alternative to other common indices, with clear links to changes in circulation in the region. [58] Acknowledgments. We acknowledge and thank Joe Prospero and his staff for producing and sharing the record of mineral dust concentrations at Barbados. NCEP Reanalysis and GPCP Precipitation data provided by the NOAA/OAR/ESRL PSD, Boulder, Colorado, USA, from their Web site at http://www.esrl.noaa.gov/psd.
